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Abstract
Endospores are dormant structures of endospore-forming bacteria, such as Bacilli 
and Clostridia, which enable them to become resistant to any harsh environmental 
conditions such as heat, chemicals, and UV radiation, thus surviving for many years. 
When the environment is favored for growth, the spores undergo the germination process 
which enables them to become vegetative cells again. This becomes a threat to the food 
and medical industry as they can cause food spoilage, food poisoning, and contamination.
Green tea, made from the plant, Camellia sinensis, has become the second most 
consumed beverage in the world due to its medicinal benefits. It consists of polyphenols 
which have been found to have anti-inflammatory, antimicrobial, anti-cancerous, and 
antioxidant properties.
In this study, EGCG and EGCG-S were examined to determine their inhibitory 
effects on the endospores of Bacillus cereus (B. cereus), B. megaterium, and B. subtilis. 
Different concentrations of EGCG-S (100, 400, and 1000pg/mL) were tested on 
vegetative cells to determine if they were able to inhibit bacterial growth. Both EGCG-S 
400 and 1000pg/mL concentrations inhibited 99-100% of bacterial growth, whereas 
EGCG-S 100 inhibited at least 88%. For sporulation, EGCG-S (100, 400, 1000, and 
10,000pg/mL) inhibited 99-100% sporulation at 24 hours, and 1% EGCG inhibited 95- 
100%, suggesting that EGCG-S does not act in a dose-dependent manner, and that it is a 
better agent against sporulation. For spore germination, EGCG-S (100, 400, 1000pg/mL) 
inhibited at least 95% of spore germination in B. cereus at 5 minutes, while at least 80% 
were prevented for B. megaterium and B. subtilis at 10 minutes. The Live and Dead 
Assay qualitatively confirmed these results The SEM also further supported that the
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EGCG-S was able to inhibit spore germination by destroying the cell wall of the spore. 
Lastly, EGCG-S and tea antiseptics Hsu (TAX) were used to determine their potential 
use as disinfectant or antiseptic on spore contamination using Rapid Agar Plate Assay 
(RAPA) and Time Course Study, respectively. EGCG-S (100, 400, 1000, and 
10,000pg/mL) were able to prevent at least 80% of pre-treated and contaminated agar 
surfaces, while TAX inhibited at least 94% of spore germination in all three Bacillus spp. 
at 30 seconds, and increased to 97% at 1 minute. These show that EGCG-S and TAX 
may become potential anti-endospore agents in targeting Bacillus spp., thus aiding in the 
prevention of food and beverage spoilage caused by endospore-forming bacteria as well 
as contamination in the medical industry.
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Introduction
1. Sporulation and Germination
Speculation is the process in which some bacteria, such as bacilli and clostridia, 
undergo under prolonged and unfavorable conditions to form dormant spores (Atrih & 
Foster, 2002; Hutchison, Miller, & Angert, 2014; McKenney, Driks, & Eichenberger, 
2013; Setlow, 2005). Spores have features which enable them to become resistant to any 
harsh environmental conditions including heat, chemical solvents, and UV radiation, thus 
surviving for hundreds of years and even longer (Atrih & Foster, 2002; Errington, 2003; 
Hutchison et ah, 2014; McKenney et ah, 2013; Miller, Suen, Clements, & Angert, 2012; 
Wells-Bennik et al., 2016). These features consist of having layers of hard shells, low 
water content, high core mineralization, high calcium dipicolinate content, inactivated 
enzymes, high energy compounds (ATP and NADH), and no metabolism (Atrih &
Foster, 2002; Driks, 2004; Setlow, 2005; Wells-Bennik et al., 2016). These endospores 
are commonly found in soil samples, hot springs, and gastrointestinal tract of metazoans 
(Abecasis, Serrano, Alves, Quintais, Pereira-Leal, & Henriques, 2013; McKenney et al., 
2013; Miller etal., 2012).
The process of sporulation is initiated by the phosphorelay pathway (Figure 1) in 
which the sensor kinases (KinA, KinB, KinC, KinD, and KinE) phosphorylate a single­
domain response regulator called SpoOF. The phosphate group from SpoOF is then 
transferred to SpoOB, and finally to SpoOA, which is the key element in the sporulation 
process (Hutchison et al., 2014; McKenney et al., 2013; Steiner et al., 2011; Stephenson 
& Hoch, 2002). The transcription factor SpoOA controls the genes involved in
12
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Figure 1: Sporulation Phosphorelay pathway (Shapiro & Losick, 1997)
asymmetric cell division and sigma factors for sporulation: engulfment of a forespore 
(small cell) by a mother cell (large cell) (Figure 2) (Abecasis, et al., 2013; McKenney et 
al., 2013). At stage I of the sporulation cycle, cell division occurs to produce a vegetative 
cell. At stage II, asymmetric cell division produces a sporangium which consists of two 
progeny cells, the forespore and the mother cell (Coppolecchia, DeGrazia, & Moran, 
1991; Emngton, 2003; Hutchison et al., 2014; McKenney et al., 2013; Meisner, Wang, 
Serrano, Henriques, & Moran, 2008). The spoIIR locus and spoIIID activates and 
regulates RNA polymerase sigma (o) factor oE (product of spoIIGB), respectively. 
Regulator oE activates the mother cell and upregulates SafA (yrba), which is for inner 
coat assembly, whereas oF (product of spoIIAC) activates the forespore. Both factors
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control the genes for forespore engulfment (Abecasis et al., 2013; Hutchison et ah, 2014; 
McKenney et al., 2013; Meisner et al., 2008; Miller et al., 2012).
Figure 2: Sporulation cycle of B. subtilis (Errington, 2003)
At stage III, the mother cell engulfs the forespore and nourishes it by providing 
proteins that coat it (Coppolecchia et al., 1991; Errington, 2003; Meisner et al., 2008; 
Miller et al., 2012). During forespore development, the cortex and spore coat are formed, 
aG (product of spoIIIG) is activated by spoIIIA (spoIIIAA-AH) controlled by oE in the 
mother cell, which signals oK activation in the mother cell. Both oG and a K control gene 
expression for forespore maturation at stages VI and VII of the sporulation cycle 
(Hutchison et al., 2014; Meisner et al., 2008; Miller et al., 2012). A DNA-binding 
protein, spoVT, is both a positive and negative regulator of oG (Traag, Ramirez-Peralta,
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Erickson, Setlow, & Losick, 2013). Ultimately, the mother cell releases the matured 
endospore through apoptosis (Hutchison et ah, 2014).
The basic structure of a spore consists of the core, inner and outer membrane, cell 
wall, cortex, and the coat (Figure 3). The core contains the DNA, tRNAs, ribosomes, and
most enzymes (Driks, 2004; Setlow, 2005). These enzymes enable the spore to undergo
«* Vegetative ceil
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Figure 3: TEM of B. cereus (A) shows vegetative cell (B) shows intact endospore in a 
vegetative cell (C) basic structure of B. cereus spore (Ali et al., 2017)
germination once nutrient is present (Atrih & Foster 2002). The core also contains only 
27-55% of water content, which makes the spore heat resistant, a spore-specific molecule 
called dipicolinic acid (DPA) which chelate with divalent cations (i.e. calcium) to form
15
CaDPA, as well as small acid-soluble proteins (SASP) which protect the DNA and make 
the spores UV resistant (Atrih & Foster, 2002; McKenney et al., 2013; Setlow, 2005; 
Setlow, 2014). The inner membrane surrounds the core, and protects it from different 
chemicals. The primordial cell wall is composed of 2-5% of total peptidoglycan (Atrih 
and Foster 2002), and does not seem to have an essential role in spore resistance (Setlow, 
2005), however it is important for spore germination (McKenney et al., 2013). The 
cortex is also composed of peptidoglycan, and it maintains cellular integrity of the spore 
after germination (Atrih & Foster 2002), and has low water content (Driks, 2004). The 
outer membrane surrounds the cortex, and its function remains unknown (McKenney et 
al., 2013; Setlow, 2005; Setlow, 2014). The coat consists of about 60 proteins (for 
bacilli) (Driks, 2004), and its function is for lysozyme resistance (Atrih & Foster 2002; 
Setlow, 2005), and has a copper-dependent laccase (cotA) in the outer coat for UV 
resistance (McKenney et al., 2013). Some spores can also have another outer coat layer 
called exosporium, its function is still not fully known (Driks, 2004; Gerhardt & Ribi, 
1964; McKenney et al., 2013; Setlow, 2005; Setlow, 2014), however it may be involved 
in pathogenicity (Paredes-Sabja, Shen, & Sorg, 2014).
Although spores are dormant, they have an alert sensory mechanism which 
detects the presence of nutrients/germinants (i.e. sugars, amino acids, salts, and 
nucleosides), other germination-inducing agents (i.e. L-alanine, adenosine, salts, 
lysozymes) or reducing agents (succinate buffer, mercapoethanol, thioglycolic acid) 
(Keynan, Evenchik, Halvorson, & Hastings, 1964; Setlow, 2003). When the environment 
is favored for growth, the spores then undergo the process of germination which enables 
them to become vegetative cells again (Atrih & Foster, 2002; Driks, 2004; Moir, 2006;
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Figure 4: Germination process of Bacillus species (Setlow, 2014)
Wells-Bennik et al., 2016). Germination occurs in three parts: activation, commitment, 
and outgrowth (Figure 4). In activation stage, the germinant permeates the coat and 
cortex layer of the spore and targets the germinant receptor operons, gerA (L-alanine), 
gerB, and gerK (both for K+, L-asparagine, fructose, and glucose) (Alzahrani & Moir, 
2014; Black et al., 2005; Moir, 2006; Paidhungat & Setlow, 2000; Setlow, 2003). In 
commitment stage, H+, Na+, K+, and Zn2+ are excreted, the permeability of the inner 
spore membrane increases, and the pH of spore core increases from 6.5 to 7.7. These are 
followed by the release of CaDPA to rehydrate the spore core (Stage I), activation of the 
spore cortex lytic enzymes and degradation of the peptidoglycan cortex (Stage II)
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(Keijser et al., 2007; Moir, 2006; Setlow, 2003; Setlow, 2014). At this stage, the spore 
core water content increases to about 80% which initiates metabolism, and the spore has 
accomplished germination. The spore then undergoes the first stage of outgrowth in 
which the 3-phosphoglycerate stored in the core gets converted into ATP. Protein 
synthesis and chromosomal replication occur at stage II of outgrowth (Keijser et al.,
2007; Setlow, 2003; Setlow, 2014).
Since the spores are resistant to harsh environmental conditions and survive for 
many years, they have become a threat to the food industry as they can cause food 
spoilage and food poisoning (Shin, Lim, Lee, Kim, Oh, & Shin, 2008; Wells-Bennik et 
al., 2016). Common spore-forming bacteria which can cause food poisoning are 
Clostridium botulinum, Clostridium perfringens, and Bacillus cereus. Clostridium 
botulinum produces a neurotoxin called botulin that causes a rare but life-threatening 
disease known as botulism, and is primarily found in smoked blood sausages, improper 
canning, and honey (Le Loir, Baron, & Gautier, 2003; Midura, Snowden, Wood, & 
Amon, 1979). Clostridium perfringens is the third most common cause of food 
poisoning in the United States, typically found in the meat industry (meat and 
equipment), hospitals (medical devices), restaurants (furniture and utensils), and homes 
for the elderly. Bacillus cereus is commonly found in the dairy industry, rice, fresh fruits 
and vegetables, spices, dried foods, water, plant material, and soil, and is much more 
difficult to control than C. perfringens (Andersson et al., 1995; Heyndrickx, 2011; Shin et 
al., 2008). There are several routes in which B. cereus can contaminate dairy products, as 
well as the equipment used during the production process (Figure 5) (Heyndrickx, 2011). 
Another challenge is the demand for using mild processing techniques such as
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chlorination, ozonation, photosensitization, and natural chemical sanitizers on foods to 
increase shelf life and have natural food flavor since both vegetative cells and spores can 
survive under these conditions (Pasha, Saeed, Sultan, Khan, & Rohi, 2014; Shin et aL, 
2008; Wells-Bennik et ah, 2016).
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Figure 5: Contamination routes of B. cereus in the dairy production chain 
(Heyndrickx, 2011)
2. Green Tea Polyphenols
Green tea, made from the plant, Camellia sinensis, is the second most consumed 
beverage in the world next to water. It is mostly consumed in Asian countries such as 
China, Japan, and Southeast Asia due to its medicinal benefits (Afzal, Safer, & Menon, 
2015; Buzzini et ah, 2009; Furuse, Adachi, Tomonaga, Yamane, & Denbow, 2009; 
Koutelidakis, Andritsos, Kapsokefalou, Drosinos, & Komaitis, 2016; Lee et ah, 2014). 
Previous studies have shown that green tea extract has anti-inflammatory, antioxidant, 
anti-cancerous, anti-Alzheimer, anti-Parkinsonism, antifibrotic, anti-collagen-induced 
arthritis, antibacterial, antiviral, antifungal, antiangiogenic, antihypertensive, and
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hypoglycemic properties (Afzal et al., 2015; Ciesek et al., 2011; Daglia 2012; Dubey & 
Mehta 2016; Fujiki, Sueoka, Watanabe, & Suganuma, 2015; Furuse et al., 2009; Haghjoo 
et al., 2013; Hsu & Dickinson 2009; Koutelidakis et al., 2016; Matsumoto et al., 2012; 
Min & Kwon 2013; Min et al., 2015; Sabu, Smitha, & Kuttan, 2002; Song, Lee, & Seong, 
2005; Steinmann, Buer, Pietschmann, & Steinmann, 2013; Si, W., Gong, J., Tsao, R., 
Kalab, M., Yang, R., & Yin, Y., 2006; Taylor, Hamilton-Miller, & Stapleton, 2005;
Yuan, 2013; Zink & Traidl-Hoffmann, 2014).
These properties may be due to the catechins, which represent 60-80% of the 
polyphenols in green tea (Zink & Traidl-Hoffmann, 2014). These catechins include 
epigallocatechin-3-gallate (EGCG) as its most abundant compound, epicatechin (EC), 
epicatechin gallate (ECG), and epigallocatechin (EGC) (Figure 6) (Afzal et al., 2015; 
Dubey & Mehta, 2016; Hajra & Yang, 2015; Matsumoto et al., 2012; Min & Kwon, 
2013; Min et al., 2015; Steinmann et al., 2013; Taylor et al., 2005; Zink & Traidl-
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Figure 6: Chemical Structures of the main catechins in Green tea (Zink & Treidl- 
Hoffmann, 2014)
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Hoffmann, 2014). These affect different signaling pathways such as c-Jun N-terminal 
kinase (JNK), extracellular signal-regulated kinase (ERK), cyclin-dependent kinase 
(Cdk), AMP-activated protein kinase (AMPK). These pathways are essential in 
regulating proliferation, transcription, translation, and apoptosis (Yun, Kim, Seo, Moon, 
& Cho, 2009). Catechins have also been found to be a natural preservative in food since 
they can prevent lipid oxidation, improve color and flavor, and prolong shelf-life (Hajra 
& Yang, 2015). Additionally, the application of these catechins can reduce UVB- 
induced erythema, DNA damage, and sunburn cells (Hsu, 2005).
There are many research that focus on the antibacterial effects of green tea 
polyphenols, specifically EGCG. Different bacteria such as Escherichia coli, Bacillus 
spp., Staphylococcus spp., Helicobacter pylori, Clostridium spp., Listeria, 
monocytogenes, Vibrio cholera, Streptococcus spp., Shigella spp., and Salmonella spp. 
have been found to be susceptible to EGCG, with the minimum inhibitory concentration 
(MIC) ranging from 100 pg/ml to 500 pg/ml (Buzzini et al., 2009; Cui et al., 2012; 
Daglia, 2012; Dubey & Mehta, 2016; Friedman, Henika, Levin, Mandrell, & Kozukue, 
2006; Haghjoo et al., 2013; Koutelidakis et al., 2016; Li et al., 2016; Mabe, Yamada, 
Oguni, & Takahashi, 1999; Matsumoto et al., 2012; Sakanaka et al., 2000; Steinmann et 
al., 2013; Taylor et al., 2005; Tsai et al., 2008; Yoda, Hu, Zhao, & Shimamura, 2004; 
Zink & Traidl-Hoffmann, 2015). EGCG has also been found to have synergistic effect 
with antibiotics such as p-lactams, tetracycline, and can reverse bacterial resistance 
(Steinmann et al., 2013). Moreover, EGCG is able to prevent the growth and 
development as well as reduce the heat resistance of B. stearothermophilus and C.
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thermoaceticum (Sakanaka et al., 2000), and inhibit spore germination of C. botulinum 
and B. cereus by damaging the spore membrane (Hara-Kudo et al., 2005).
However, EGCG can be relatively unstable and not lipid-soluble (Hong, Lu, 
Meng, Ryu, Hara, & Yang, 2002). Therefore, several modifications, such as lipophilic 
tea polyphenol (LTP), epigallocatechin-3-gallate-sterate (EGCG-S) (Chen et al., 2009; 
Haghjoo et al., 2013) (Figure 7), and different EGCG fatty acid monoester derivatives 
(i.e. palmitoyl or lauroyl) (Mori et al., 2008) have been synthesized. Both LTP and
OH
Figure 7: Molecular structure of epigallocatechin-3-gallate-sterate (EGCG-S)
EGCG-S (1% and 5%) have been found to inhibit 98-100% of endospore germination on 
three Bacillus spp.: B. cereus, B. megaterium, and B. subtilis (Ali et al., 2017). The use 
of 1% LTP in combination with antibiotics on six potential pathogenic bacteria: E. coli,
S. epidermidis, S. marcescens, B. megaterium, E. aerogenes, and M. smegmatis also
OH o
II
HO
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increases the percent inhibition by more than 100% (Haghjoo et ah, 2013). Whereas the 
various EGCG fatty acid monoester derivatives have been found to work against 
influenza virus (Mori et ah, 2008). In this study, EGCG and EGCG-S were used to 
examine their effects on both sporulation and germination of bacterial endospores in three 
Bacillus spp.: B.cereus, B. megaterium, and B. subtilis.
The Bacillus species are gram-positive, endospore-forming, rod-shaped bacteria 
typically found in soil, sediment, plants, and food (Amin, Rakhisi, & Ahmady, 2015;
Vary et al., 2007). Bacillus cereus, as stated above, is one of the most common and 
major pathogens which cause food poisoning (Ivanova et al., 2003; Lee et al., 2015). The 
toxin, dodecadepsipeptide cereulide is responsible for the foodbome illnesses (Agata, 
Mori, Ohta, Suwan, Ohtani, & Isobe, 1994; Agata, Ohta, Mori, & Isobe, 1995). Bacillus 
megaterium, one of the biggest known bacteria, causes fish spoilage. It is also a good 
cloning host due to its different enzymes such as steroid hydrolases, glucose 
dehydrogenase, and penicillin amidase (Vary 1994). Bacillus subtilis has become the 
model gram-positive bacterium for over 100 years. It typically causes ropy or slimy 
bread (Schroeder & Simmons, 2013).
The overall goal of this study is to determine the potential use of EGCG-S as a 
natural preservative in food and as an antiseptic/disinfectant to aid in the prevention of 
food and beverage spoilage caused by endospore-forming bacteria as well as 
contamination in the medical industry.
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The Objectives of this Study are Listed as Follows:
I. Monitor the Growth and Sporulation of B. cereus, B. megaterium, and B. subtilis
II. Study the Effect of EGCG-S on Vegetative Cells in Three Bacillus spp.
III. Study the Effect of EGCG and EGCG-S on Sporulation in Three Bacillus spp.
IV. Study the Effect of EGCG and EGCG-S on Germination in Three Bacillus spp.
V. Study the Potential Usage of EGCG, EGCG-S and Tea antiseptics Hsu (TAX) as
Disinfectants/Antiseptics for Spore Contamination
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Materials and Methods
1. Culturing Bacteria
Each microorganism was grown and maintained on either nutrient agar plates, 
nutrient broth, tryptic soy agar plates, tryptic soy broth, or modified nutrient agar plates. 
The bacterial strains used were Bacillus cereus, Bacillus megaterium, and Bacillus 
subtilis. Stock plates were stored in a refrigerator or cold room at 4°C in which overnight 
cultures were prepared. Fresh overnight cultures were grown at every experiment using 
the stock culture. Simple or gram stains were conducted to ensure purity of the stock 
culture. Using a cotton swab or wired loop, a small portion of the bacteria from the stock 
plate was aseptically inoculated into a fresh broth tube. The tube was labeled with the 
bacteria’s name and the date it was cultured, and placed in a shaking incubator at 37°C 
and 250 rpm. The next day, their purity was checked again using simple or gram stain 
before beginning the experiment.
If there was contamination in the stock or overnight culture, discontinuous 
streaking technique was conducted. This was performed on an agar plate to obtain single 
colony isolation. Continuous streaking was then performed on a separate agar plate to 
make a new stock culture from the isolated single colony. Both were incubated overnight 
at 37°C for 24 hours. The stock cultures were also frozen for preservation by using 15% 
glycerol. The glycerol was diluted to 30% by adding distilled water, and the solution was 
autoclaved. 500 pL of the culture was mixed with 500 pL of 30% glycerol in a 1.5mL 
Eppendorf tube. The tube was then labeled and stored in -80°C freezer until needed 
(Prakash, Nimonkar, & Shouche, 2013).
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2. Media Preparation
All agar and broth media were prepared following the manufacturer’s 
instructions. For nutrient agar (Difco™), 23 grams (g) of the powder were dissolved into 
1 liter (L) of sterile deionized water (DI H2O), whereas 8g were dissolved into 1 L of 
sterile DI H2O for nutrient broth (Wards). Six mL of nutrient broth were then transferred 
into each 20mL glass test tube prepared in a rack. For tryptic soy agar (Difco™), 40g 
were dissolved into 1 L of sterile DI H2O, and 30g of tryptic soy broth (Wards) were 
dissolved into 1 L of sterile DI H2O. Modified nutrient agar (MNA) was only used for 
harvesting endospores. This was made by dissolving 23g of nutrient agar (Difco™) 
supplemented with 0.06g of magnesium sulfate (MgSC>4) and 0.25g of monopotassium 
phosphate (KH2PO4) into 1 L of sterile DI H2O (Wuytack et al., 2000). All media were 
thoroughly mixed using a magnetic stir bar and hot plate. The media were then 
autoclaved for 15 to 20 minutes at 121°C using the liquid setting. Once completed, the 
agar was poured into sterile plates aseptically and left in the hood to solidify. All media 
were stored in a cold room at 4°C for future use.
3. Staining Techniques
a. Simple Stain
A smear preparation was made by taking a small loopful of bacteria from 
the stock culture using a flamed wire loop and spreading it onto a microscope 
slide. The smear was heat fixed, and a drop of methylene blue was added on top 
of the smear. A cover slip was placed on top of the stained sample after one 
minute, and was blotted dry with a bibulous paper. The sample was observed
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under oil immersion at lOOOx total magnification to determine the morphology 
and endospore formation of the bacteria (Lee et al., 2015).
b. Gram Stain
A smear was prepared as described above in simple stain. The smear was 
covered with crystal violet for 20 seconds, and rinsed with sterile deionized water 
for two seconds. Gram’s iodine was added for one minute, and was washed off 
with gram’s decolorizer or 95% alcohol for 10-20 seconds. The sample was then 
rinsed with water before and after counterstaining with safranin for one minute.
A cover slip was placed on top of the stained sample and blotted dry with a 
bibulous paper. The sample was observed under oil immersion at lOOOx total 
magnification (Lee et al., 2015).
c. Endospore Stain
A beaker half-filled with water was boiled on a hot plate. A smear was 
prepared as described above in simple stain. The slide with a small piece of 
bibulous paper was then placed on top of the boiling water. The paper was 
saturated with malachite green for five minutes, adding more dye if needed. The 
paper was then removed and the slide was rinsed with water for 30 seconds after 
the slide has cooled down. The slide was counterstained with safranin for 30 
seconds, and was rinsed with water before placing a cover slip on top and blotting 
dry with bibulous paper. The sample was observed under oil immersion at 1 OOOx 
total magnification (Lee et al., 2015).
4. Preparation of Green Tea Polyphenols
All green tea polyphenols were purchased from Camellix LLC, Augusta, GA.
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a. EGCG
EGCG was prepared using sterile DI H2O. Since EGCG is not a stable 
compound, fresh solution was needed to be made during every experiment, 
b. EGCG-S
EGCG-S was prepared using 200 proof ethanol (EtOH). A stock 
concentration of 10% (100,000 pg/ml) was made and diluted to the required 
concentration needed for each experiment.
Calculation for the master stock solution:
10% = lOOmg/mL = O.lg of EGCG-S + lmL of EtOH
5. Endospore Purification
Modified nutrient agar (MNA) plates were continuously streaked with the three 
spore-forming bacteria and incubated at 37°C for 10 days. On the 5th and 10th day, either 
simple or endospore stain was conducted to estimate the number of spores formed. On 
the 10th day, the spores were harvested and purified by scraping the plates with DI H2O, 
centrifuging at 10,000 rpm for 10 mins three times, and re-suspending in sterile DI H2O. 
The spore suspensions were then stored at 4°C until needed (Wuytack et al., 2000). The 
quality of the spore purification was determined by simple or endospore stain.
6. Monitor the Growth of B. cereus, B. megaterium, and B. subtilis
The growth was monitored for B. cereus, B. megaterium, and B. subtilis using 
overnight cultures in nutrient broth diluted to 0.1 at OD600. These cultures were 
incubated at 37°C, and the absorbance readings were taken every two hours for 24 hours, 
and then at hour of 30, 48, 52, 54, 57, 72, 102, 124, 144, and 169, respectively using a 
spectrophotometer at OD600. This was done in triplicate, and the average and standard
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deviation were calculated. Microscopy observation using simple stain was also carried 
out to evaluate the formation of spores at different time points.
7. Microscopic Observations
a. Light microscope
A smear preparation was made as previously described. A Jenco™ USA 
phase-contrast microscope with OMAX A3RDF50 camera was used to observe 
the sample. The microscope was set to bright field and the sample was viewed 
under low power (200x), high power (400x), and oil immersion (lOOOx).
b. Fluorescence microscope
A ZEISS Axio Scope.Al fluorescence microscope was used for the 
LIVE/DEAD® Baclight™ Bacterial Viability Assay. Two dials (one below the 
eyepiece and one on the bottom right side of the scope) were switched to setting 
#3 for GFP. The fluorescent light (right side of scope) was turned on, and the 
switch on the top right side of the scope was flipped towards the eyepiece. Low 
power (lOOx), high power (400x), and oil immersion (lOOOx) were used to view 
the sample. For camera use, the Zeiss Zen program was viewed on a DELL 
computer and the switch on the top right side of the scope was flipped away from 
the eyepiece.
c. Scanning Electron Microscopy (SEM)
To observe the morphology of the vegetative cells and endospores at a greater 
magnification, Scanning Electron Microscopy (SEM) was performed. Spore 
suspensions were diluted to O.D of 0.1 at ODôoo and placed into Eppendorf tube 
with EGCG-S 400 pg/mL for one hour treatment. After one hour, the samples
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were brought to Dr. Laying Wu, the Director of the Microscopy & Microanalysis 
Research Laboratory (MMRL). The samples were transferred into a filter paper, 
and was fixed with 2.5% glutaraldehyde and formaldehyde in 0.1 M cacodylate 
buffer for an hour. The sample was then rinsed with 0.1 M sodium cacodylate 
buffer three times for 10 minutes each. It was then post-fixed in 1% osmium 
tetroxide in 0.1 M cacodylate for 30 minutes at 4°C, and was rinsed again with 0.1 
M sodium cacodylate buffer three times for 10 minutes each. The sample was 
dehydrated in 50%, 70%, 80%, 90%, and 2x of 100% for 10 minutes each. It was 
then transferred into a microporous vial immersed in 100% ethanol. The vial was 
dried using Denton Critical Point Dryer with liquid CO2, passing its critical point 
at 1072 psi at 31°C. Finally, the sample was mounted on a stub and coated with a 
thin layer of copper metal film using Denton IV Sputter Cutter before viewing 
under Hitachi S-3400N SEM.
8. Quantitative Viability Study using Colony Forming Unit (CFU)
Overnight cultures were diluted to 0.1 at OD600 and serially diluted to the required 
dilution factor with a countable range of 30-300 CFU, shown in Figure 8. The cultures 
were plated out with the designated tea polyphenol concentration (EGCG-S 100, 400, 
1000, 10000 pg/mL, and EGCG 10000 pg/mL) depending on the experiment. The plates 
were then incubated at 37°C, colonies were counted after 24 hours, and colony forming 
unit was determined in CFU/mL. The following equations were used to determine the 
percent inhibition and log reduction, respectively:
% inhibition = ('CFUC°ntro'-CFUTrea,e,A x 10Q 
V CFUcontrol /
CFU Control
Log reduction = logl0( ^ —
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Figure 8: shows an example of an agar plate with confluent colonies (left) and diluted 
colonies (middle and right) with the right plate having a countable range of 30-300 
CFU/mL.
9. The LIVE/DEAD® Baclight™ Bacterial Viability Assay
The LIVE/DEAD® Baclight™ Bacterial Viability Kit (LI3152) was used for this 
experiment. Two components, A (Syto®9) and B (propidium iodide) were dissolved in 
2.5mL sterile DI H2O. A 1-to-l ratio of component A and B was mixed in an Eppendorf 
tube, covered in aluminum foil to avoid light exposure, and stored in the freezer until 
needed. Five pL of the dye mixture was mixed with five pL of spore or bacterial cultures 
of the three Bacillus species treated with different concentrations of EGCG-S. The slide 
was then wrapped with aluminum foil and incubated for 30 minutes in the dark at room 
temperature before viewing under a ZEISS fluorescent microscope at lOOOx total 
magnification (ZEISS Axio Scope.Al). Green stain shows that the cell is alive with its 
cell membrane still intact, whereas red stain shows the cell is dead with its cell membrane 
no longer intact.
10. Study the Effect of EGCG-S on Vegetative Cells in Three Bacillus spp.
Overnight cultures in nutrient broth were reinoculated into fresh nutrient broth, 
and incubated at 37°C for two hours to reach exponential phase. After two hours, the
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samples were diluted to 0.1 at ODôoo. The cultures were transferred into Eppendorf tubes 
and treated with EGCG-S 100, 400, and 1000 pg/mL for two hours at room temperature. 
CFU assay was then performed as described above.
11. Study the Effect of EGCG and EGCG-S on Bacterial Endospores
a. Sporulation
Overnight cultures in nutrient broth were reinoculated into fresh nutrient 
broth, and incubated at 37°C for two hours to reach exponential phase. After two 
hours, the samples were diluted to 0.1 at ODôoo, and centrifuged at 5000 rpm for 
10 minutes. The pellets were suspended in sterile DI H2O (control) to starve the 
cells in order to form endospores, and treated with different concentrations of 
EGCG (1%) and EGCG-S (100, 400, 1000, 10,000 ug/mL) for 24 hours at room 
temperature. CFU assay and LIVE/DEAD® Baclight™ Bacterial Viability Assay 
were then carried out as described above.
b. Spore Germination
Spore suspensions in deionized water were diluted to 0.1 at ODôoo, and 
heated at various temperatures and times: unheated (control) and 75°C for 20 mins 
to inactivate the vegetative cells. The samples were then treated with different 
concentrations of EGCG (1%) and EGCG-S (100, 400, 1000, 10,000 ug/mL) for 
24 hours at room temperature. CFU assay and LIVE/DEAD® Baclight™ 
Bacterial Viability Assay were then conducted as described above.
c. Time Course Study of EGCG and EGCG-S on Sporulation and Spore 
Germination
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To determine the time needed to inhibit sporulation and germination, time 
course study was performed. For sporulation, overnight cultures in nutrient broth 
were reinoculated into fresh nutrient broth, and incubated at 37°C for two hours to 
reach exponential phase. After two hours, the samples were diluted to 0.1 at 
OD600, and centrifuged at 5000 rpm for 10 minutes. The pellets were suspended 
(starved) in sterile DIH2O, and treated with EGCG-S at the final concentrations 
of 0 (control), 100, 400, 1000, and 10,000 (1%) pg/mL, as well as 1% EGCG. 
These were treated for 0, 4, 24, and 48 hours at room temperature, and serially 
diluted and plated on nutrient agar plates to determine CFU. Additionally, 
endospore staining was conducted at each time point, as previously described.
For endospore germination, spore suspension was diluted to 0.1 at OD600, 
heated at 75°C for 20 mins, and treated with EGCG-S at final concentration of 0 
(control), 100, 400, and 1000 pg/mL respectively. The time points used were 30 
seconds, 1 min, 5 min, 10 min, 15 min, 30 min, 1 hour, and 24 hours at room 
temperature, and CFU was conducted as described above. 40pL of the suspension 
at each time point were also transferred to a new Eppendorf tube for the 
LIVE/DEAD® Baclight™ Bacterial Viability Assay (LI3152 kit).
12. Study the Potential Usage of EGCG, EGCG-S and Tea AntisepticDr. Hsu as 
Antiseptics/Disinfectants for Spore Contamination
a. Rapid Agar Plate Assay (RAPA)
To determine the effect of EGCG and EGCG-S as disinfectants, an 
application study called Rapid Agar Plate Assay using a bacterial agar surface 
was conducted (Ansari, Gafur, Jones, Espada, & Polefka, 2010). Tryptic soy agar
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(TSA) was briefly washed with sterile DI H2O prior to the experiment to ensure 
that the agar was hydrated. Three protocols were followed to examine if EGCG-S 
(100, 400, 1000, and 10000pg/mL) can work on pre-application and post­
application of bacterial endospores. For pre-application, EGCG-S was evenly 
applied on TSA and air-dried for an hour. Next, 50pL of the spore suspension 
(ODóoo at 0.1) was applied onto the agar with the treatment, and the plate was 
incubated at 37°C for 24 hours. For post-application, 50pL of the spore 
suspension (ODóoo at 0.1) was applied onto the agar for 10-15 seconds, and 
EGCG-S was added. The plate was air-dried for an hour before incubating at 
37°C for 24 hours. The last protocol was similar to the post-application, but there 
was a washing step with sterile DI H2O after the air drying and before incubation 
(Ansari et al., 2010).
b. Time Course Study Using Tea Antiseptics Hsu (TAX)
Spore suspension was diluted to 0.1 at ODóoo (50 pL), and treated with 
four antiseptics (Proteocteav+EGCG, Dental, 49-A, and Purell) provided by Dr. 
Hsu (Camellix LLC) for 30 seconds and 1 minute. These were serially diluted 
and plated out on nutrient agar to determine CFU. The plates were incubated at 
37°C for 24 hours, and the colonies were counted.
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Results and Discussion
1. Identification and Monitoring the Growth and Sporulation of B. cere us, B. 
megaterium, and B. subtilis
Simple and endospore stains were conducted to identify the morphology of all 
three Bacillus spp., shown in Figure 9. Both stains confirmed that B. cereus, B. 
megaterium, and B. subtilis are rod-shaped, endospore-forming bacteria.
The growth and sporulation of each bacterium were monitored for 24 hours, and 
extended to 169 hours. The absorbance readings were taken every two hours for 24 
hours, and at different time points until reaching 169 hours at OD600. The results are 
shown in Figures 10-11 for B. cereus, 13-14 for B. megaterium, and 16-17 for B. subtilis.
The growth curve was generated with the generation time of two hours for B. 
cereus, 12 hours for B. megaterium, and two hours for B. subtilis using the equation g = 
(logio Ni -  logioNo) / logio(2). Standard growth curve consists of lag phase, log phase, 
stationary phase, and death phase. However, in our extended growth monitoring, the 
growth was steadily increased and had a prolonged stationary phase for up to 169 hours, 
and no death phase was reached. This may be due to the bacteria being endospore- 
formers. At a later stage of growth, the spores may form in the cells. In order to observe 
the sporulation at different times of growth, microscopic observation was carried out (4, 
12, 24, 48, 72, 120, and 169 hour). The results are shown in Figures 12, 15, and 18 for B. 
cereus, B. megaterium, and B. subtilis, respectively. It is clearly indicated that at 24, 48, 
and 72 hours, the spores are formed inside the cell. This suggested that it takes 24 hours 
at 37°C for the spore formation to be observed. On the 120th hour, spores are completely 
matured, and on the 169th hour, both the spores and vegetative cells are in the cultures.
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Figure 9: Simple stains of the three Bacillus spp. (A) B. cereus (B) B. megaterium and 
(C) B. subtilis. The left column shows that their morphology is rod-shaped, whereas the 
right column shows that they are endospore-forming bacteria.
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Figure 10: Growth of B. cereus for 24 hours. The mean of three trials was graphed with 
the Standard Deviation (SD) on the y-axis. A generation time was calculated to be two 
hours using the equation g = (logio Ni -  logioNo) / logio(2).
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Figure 11 : Growth of B. cereus for 169 hours. The mean of three trials was graphed with 
the Standard Deviation (SD) on the y-axis.
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Figure 12: Simple stains of B. cereus growth curve at different time points: 0, 4, 12, 24, 
48, 72, 120, and 169 hour. It shows how sporulation occurs at 24 hours. At 120 hours, 
spores mature completely, and at 169 hours, both the spores and vegetative cells are 
there.
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Figure 13: Growth of B. megaterium for 24 hours. The mean of three trials was graphed 
with the Standard Deviation (SD) on the y-axis. A generation time was calculated to be 
12 hours using the equation g = (logio Ni -  logioNo) / logio(2).
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Figure 14: Growth of B. megaterium for 169 hours. The mean of three trials was graphed 
with the Standard Deviation (SD) on the y-axis.
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Figure 15: Simple stains of B. megaterium growth curve at different time points: 0, 4, 12, 
24, 48, 72, 120, and 169 hour. It shows how sporulation occurs at 24 hours. At 120 
hours, spores mature completely, and at 169 hours, both the spores and vegetative cells 
are there.
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Figure 16: Growth of B. subtilis for 24 hours. The mean of three trials was graphed with 
the Standard Deviation (SD) on the y-axis. A generation time was calculated to be two 
hours using the equation g = (logio Ni -  logioNo) / logio(2).
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Figure 17: Growth of B. subtilis for 169 hours. The mean of three trials was graphed with 
the Standard Deviation (SD) on the y-axis.
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Figure 18: Simple stains of B. subtilis growth curve at different time points: 0, 4, 12, 24, 
48, 72, 120, and 169 hour. It shows how sporulation occurs at 24 hours. At 120 hours, 
spores mature completely, and at 169 hours, both the spores and vegetative cells are 
there.
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2. Study the Effect of EGCG-S on Vegetative Cells in Three Bacillus spp.
To determine the inhibitory effects of EGCG-S on sporulation and germination, it
is necessary to examine its effects on vegetative cells first. Three concentrations: 100, 
400, and 1000pg/mL were used on vegetative cells during log phase. The vegetative 
cells were treated for two hours and CFU assay was performed. Figure 19 shows the 
percent inhibition and Table 1 and Figure 20 show the CFU analysis of all three 
concentrations against the three bacteria. The percent inhibition ranged from 97-99.97% 
for B. cereus, 88.52-99.96% for B. megaterium, and 89.67-99.99% for B. subtilis. This 
indicates that all three concentrations work effectively against these bacteria with ES400 
and ES1000pg/mL having similar results of at least 99%, and ES 100 with at least 88%, 
suggesting that it is less effective. Thus, these concentrations can be further used to 
assess their effects on both sporulation and germination on all three Bacillus spp.
Vegetative Cells treated with different EGCG-S 
concentrations
ES100 ES400 ES1000
■ BC
■ BM
■ BS
EGCG-S concentrations (jig/niL)
Figure 19: Percent Inhibition of EGCG-S 100, 400, and lOOOpg/mL on vegetative cells of 
all three Bacillus spp. It indicates how all three concentrations work effectively against 
the bacteria, with ES400 and ESI000 having similar results of 99% inhibition.
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Bacteria T rea tm e n t C e ll/m L % Inhibition
B. cereus Control 1.02x10s
ESIOO 3000 97.06%
ES400 27 99.97%
ESIOOO 23 99.98%
B. m egaterium Control 2 .7 0 x l0 4
ESIOO 3100 88.52%
ES400 17 99.93%
ESIOOO 10 99.96%
B. subtilis Control 1 .2 2 x l0 6
ESIOO 1.26x10s 89.67%
ES400 2200 99.82%
ESIOOO 51 99.99%
Table 1: CFU analysis of EGCG-S 100, 400, and lOOOpg/mL on vegetative cells of all 
three Bacillus spp. It demonstrates how all three concentrations work effectively against 
the bacteria, with ES400 and ESI000 having similar results of 99% inhibition.
B. cereus B. megaterium B. subtilis
Figure 20: Examples of plates for each bacterium treated with 0 (control), 100, 400, and 
lOOOpg/mL EGCG-S using Colony Forming Units.
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3. Study the Effect of EGCG and EGCG-S on Sporulation in Three Bacillus spp.
a. Time Course Study and Colony Forming Units (CFU) Assay in the presence 
of 1% EGCG and 1% EGCG-S
A time course study in conjunction with Colony Forming Units (CFU), as
well as simple or endospore stain were performed to determine the inhibitory effects
of EGCG and EGCG-S on sporulation. Figure 21 shows that both 1% EGCG and
EGCG-S inhibited 99-100% of sporulation of all three Bacillus spp. at 24 hours.
Table 2 provides a detailed analysis of the CFU assay with percent inhibition for two
trials, whereas Figure 22 shows examples of plates used for CFU assay. This was
supported by simple or endospore stain shown in Figures 23-25, wherein the control
samples had intact spores at 24 hours, whereas the treated ones did not. This also
further supported the turbidity study in which spores begin to form at 24 hours.
Sporulation Process with or without Tea 
Polyphenols at 24 hours
99.735 99.35 99.04 99.735 99.165 99.04
■ BC
■ BM
■ BS
ES10000 El0000
Tea Polyphenol (pg/mL)
Figure 21 : Percent Inhibition of 1% EGCG-S and EGCG on sporulation at 24 hours. 
Both EGCG and EGCG-S inhibited 99.04-99.74% of sporulation on all three Bacillus 
spp.
48
Bacteria Treatment 1st trial %
Inhibition
2nd trial %
Inhibition
Ave%
Inhibition
BC Control 1 .92x l06 2.29x10s
1% EGCG l.OOxlO4 99.48% 10 99.99% 99.74%  ±0.36
1% EGCG-S l.OOxlO4 99.48% 2 99.99% 99.74% ±0.36
BM Control 2 .4 0 x l0 6 3 .0 4 x l0 4
1% EGCG 4-OOxlO4 98.33% 0 100% 99.17%  ±1.18
1% EGCG-S l.OOxlO4 98.58% 2 .6 8 x l0 2 99.12% 99.35% ±0.33
BS Control 8 .8 8 x l0 6 2.86x10s
1% EGCG 9 .0 0 x l0 4 98.99% 9 99.99% 99.04% ±1.34
1% EGCG-S 1.70x10s 98.09% 1 99.99% 99.04% =1.34
Table 2: Total population of vegetative cells and spores treated with 1% EGCG-S and 
EGCG for 24 hours. Both concentrations show similar % inhibition of at least 99% on all 
three bacteria.
Control
1% EGCG
1% EGCG-S
Figure 22: Examples of plates used for CFU assay treated with 1% EGCG and 1% 
EGCG-S.
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Figure 23: Simple/Endospore Stain of untreated samples at 4 and 24 hours. It can be seen 
how the spores have formed at 24 hours and not during log phase (4 hour).
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EGCG 10,000(1%) ng/mL 
4 hr 24 hr
Figure 24: Endospore stain of treated samples with 1% EGCG at 4 and 24 hours. It can 
be seen how even at 24 hours, spores did not form compared to the control, suggesting 
that EGCG inhibited sporulation.
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EGCG-S 10,000 (l%)pg/mL 
4 hr 24 hr
BC
BM
V
* 0 f k A
< 7
BS
Figure 25: Endospore stain of treated samples with 1% EGCG-S at 4 and 24 hours. It can 
be seen how even at 24 hours, spores did not form compared to the control, suggesting 
that EGCG-S inhibited sporulation.
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b. CFU Assay with Lower Concentrations of EGCG-S: 100, 400, and 1000
jig/mL
Since 1% EGCG and EGCG-S were able to prevent sporulation, the next step 
was to determine if lower concentrations of EGCG-S can also work effectively.
Three concentrations: 100, 400, and 1000 pg/mL, were used on the same experiment. 
Figure 26 shows the percent inhibition of all three concentrations, with detailed 
analysis shown in Table 3, and plate examples on Figure 27. All three EGCG-S 
concentrations inhibited 99-100% of sporulation at 24 hours, suggesting that the 
effect of EGCG-S is not dose-dependent. Simple stains shown on Figures 28-30 also 
provide further support that all three concentrations inhibited sporulation at 24 hours 
similar to 1% EGCG and EGCG-S.
Sp o ru la tio n  Process treated  w ith  lo w er 
co n cen tratio n s of EG CG -S for 24 hours9 9 .8 9  9 9 .9 6  9 9 .8 7  9 9 .9 7  9 9 .9 6  9 9 .9 5  9 9 .9 8 5  9 9 .9 9  9 9 .9 7
ES 100 ES400 ES1000E G C G -S  c o n c e n t r a t io n s  (fig / m L )
Figure 26: Percent Inhibition of different EGCG-S concentrations on sporulation at 24 
hours. All three concentrations inhibited 99.86-99.99% of sporulation on all three 
Bacillus spp. This suggests that EGCG-S is not dose-dependent.
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T r e a t m e n t 1 st t r i a l %
i n h i b i t i o n
2 n d t r i a l %
I n h i b i t i o n
A v e %  I n h i b i t i o n
Control 3.07x10s 2.44x10s
ES100 352 99.89% 380 99.84% 99.86% ±0.03
ES400 28 99.99% 120 99.95% 99.97% ±0.03
ES1000 1 99.99% 40 99.98% 99.99% ±0.01
Control 3.98X104 4.06X104
ES100 21 99.95% 11 99.97% 99.96% ±0.02
ES400 14 99.96% 16 99.96% 99.96% ±0.003
ES1000 5 99.99% 5 99.99% 99.99% ±0.0002
Control 2.06x10s 1.54x10s
ES100 69 99.97% 347 99.77% 99.87% ±0.14
ES400 79 99.96% 95 99.95% 99.95% ±0.02
ES1000 62 99.97% 42 99.97% 99.97% ±0.002
Table 3: Total population of vegetative cells and spores treated with EGCG-S 100, 400, 
and 1000pg/mL for 24 hours. All three concentrations were able to inhibit 99.86-99.99% 
of sporulation on all three Bacillus spp., suggesting EGCG-S is not dose-dependent.
Figure 27: Examples of plates used for CFU assay in the presence of EGCG-S 100, 400, 
and lOOOjig/mL.
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Figure 28: Simple stains of all three Bacillus spp. with EGCG-S 100pg/mL at 4 and 24 
hours. It can be seen how no spores have formed at 24 hours compared to the control 
(Figure 21) suggesting that EGCG-S lOOpg/mL had inhibited sporulation.
55
Figure 29: Simple stains of all three Bacillus spp. with EGCG-S 400pg/mL at 4 and 24 
hours. It can be seen how no spores have formed at 24 hours compared to the control 
(Figure 21) suggesting that EGCG-S 400pg/mL had inhibited sporulation.
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Figure 30: Simple stains of all three Bacillus spp. with EGCG-S 1000|ig/mL at 4 and 24 
hours. It can be seen how no spores have formed at 24 hours compared to the control 
(Figure 21) suggesting that EGCG-S 1000p.g/mL had inhibited sporulation.
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c. Qualitative Study using LIVE/DEAD® Baclight™ Bacterial Viability Assay 
Live and Dead Assay was also conducted to qualitatively study the effects of 
EGCG and EGCG-S on cell viability. Results for B. subtilis treated with ES400, 1% 
EGCG-S, and 1% EGCG are illustrated in Figure 31. The control sample had a green 
fluorescence, with a brighter green stain inside the cell, indicating that both the 
vegetative cell and the spore were alive. With the treated samples, the cells were 
stained green, with a black, round structure inside the cell, suggesting that the cells 
were dead and did not go through the sporulation cycle. Similar to the microscopy 
observation, the live and dead assay further supported the CFU assay in which the tea 
polyphenols remarkably inhibited sporulation at 24 hours.
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(A) I  (B) / '
I
I
Figure 31: Live and Dead Assay of B. subtilis sporulation. (A) control (B) with 1% 
EGCG (C) 1% EGCG-S, and (D) EGCG-S 400. The control was stained green with a 
brighter green stain inside the cell, suggesting that the cells and spores are alive. 
Whereas the treated cells were stained red with the spores not being stained, suggesting 
that the cells are dead and the spores did not form.
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4. Study the Effect of EGCG-S on Spore Germination in Three Bacillus spp. 
a. Determine the Optimal Temperature to Inactivate Vegetative Cells
In order to study the effect of EGCG-S on spore germination, it is necessary to 
inactivate the vegetative cells to generate the true value of the formed spores.
Previous studies have used different temperatures (75°C for 10 mins, 75°C for 20 
mins, 80°C for 10 mins, and 100°C for 20 mins) to inactivate vegetative cells (Amaha 
& Sakaguchi, 1954; Duncan & Strong, 1968; Finlay, Logan, & Sutherland, 2000; 
Lawrence & Palombo, 2009; Sarker et al., 2000; Spilimbergo, Bertucco, Lauro, & 
Bertoloni, 2003; Warth, 1978). Thus, it is important to determine which would be the 
optimal temperature to be used. The cells were grown overnight and incubated for 
two hours to reach exponential phase (mainly vegetative cells). The cells were then 
heated at different temperatures (75°C for 10 mins, 75°C for 20 mins, 80°C for 10 
mins, and 100°C for 20 mins). CFU assay was then conducted and the results are 
shown in Table 4. All temperatures drastically increased the inactivated vegetative 
cells from 99.97% to 100%. However, this did not provide a good representation 
what optimal temperature to choose, thus spore suspensions were used to determine 
their effects on bacterial endospores.
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Condition B. e ra s %of Inactivated 
Vegetativecells
S,m e0m % of Inactivated 
Vegetativecells
B. s o ils % of Inactivated 
Vegetativecells
U nheated 8 .8 0 x l0 5 Z .6 0 x l0 5 1.22x10s
75°C for lO m in s 270 99.97% 5 8 4 0 3 7 .7 5 ! 0 1001
M  for 20 m ins 20 9 9 .9 9 ! 7040 9 7 ,0 6 ! 0 1 0 0 !
W  for 10 m ins 10 3 3 . 3 1 4240 9 8 .3 7 ! 0 I d
l 8C fo r2 0 m in s 0 I d 0 I d 10 99.91
Table 4: Colony Forming Unit (CFU) of different temperatures and times using 
vegetative cells (log phase) to determine the optimal temperature and time to inactivate 
vegetative cells. All temperatures inactivated at least 99.9% of vegetative cells.
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Table 5 shows the results for the spore suspensions and it can be seen how the 
75°C for 20 mins did not affect spore germination as much as the other temperatures, 
80°C and 100°C. B. cereus and B. subtilis seemed to be temperature-sensitive, with 
80°C and 100°C inhibiting 82-100% and 68-100% of spore germination, respectively. 
Whereas B. megaterium did not seem to be affected by temperature. 100°C for 20 
mins may have also affected the spores due to high temperature (Belliveau, Beaman, 
Pankartz, & Gerhardt, 1992; Genigeorgis, 1975; Whitney et al., 2003). Hence, 75°C 
for 20 mins was chosen as the optimal temperature for all three bacterial endospores 
since it can inactivate vegetative cells and not affect the spores.
B. cereus
C o n d i t i o n 2 nd T r i a l %  o f  G e r m in a t e d  C e l l s
U n h e a t e d 1 . 6 5 x l 0 4
7 5 ° C  fo r  2 0  m in s 1 . 5 2 x l 0 4 9 2 .1 2 %
8 0 0C  fo r  lO  m in s 3 0 0 0 1 8 .1 8 %
1 0 0 0C  fo r  2 0  m in s O o %
B. megaterium
C o n d i t i o n 1 st T r i a l %  o f  G e r m in a t e d  C e l l s
U n h e a t e d 2 . 2 5 x 1 0 s
7 5 ° C  fo r  2 0  m in s 1 . 6 4 x 1 0 s 7 2 .8 9 %
8 0 0C  fo r  lO  m in s 1 . 9 4 x lO s 8 6 .2 0 %
1 0 0 0C  fo r  2 0  m in s 1 . 7 3 x 1 0 s 7 6 .8 9 %
B. subtilis
C o n d i t i o n 1 st T r i a l %  o f  G e r m in a t e d  C e l l s
U n h e a t e d 3 .2 0 X 1 0 4
7 5 ° C  fo r  2 0  m in s 3 . 2 0 x l 0 4 io o %
8 0 0C  fo r  lO  m in s 1 .3 0 X 1 0 4 4 2 %
1 0 0 0C  fo r  2 0  m in s O o %
Table 5: Colony Forming Unit (CFU) of different temperatures and times for spore 
germination to determine the optimal temperature and time to inactivate vegetative cells. 
75°C for 20 mins was chosen to be the optimal temperature since it inactivated vegetative 
cells and had little to no effect on spores.
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b. Quantitative Study using CFU Assay in the presence of 1% EGCG and 1% 
EGCG-S
Once the optimal temperature was determined, the inhibitory effects of both 
EGCG and EGCG-S were examined. The spore suspensions were heated at 75°C for 
20 mins and treated with sterile DI H2O (control) and different concentrations of 
EGCG (1%) and EGCG-S (100, 400, 1000, and 10000 (1%) pg/mL) for 24 hours. 
Results are shown on Figures 33 and 35, with detailed CFU analysis on Tables 6 and 
7, and plate examples for CFU assay on Figures 32 and 34. It can be seen how both 
EGCG and EGCG-S effectively inhibited spore germination on all three Bacillus spp. 
EGCG-S was able to inhibit 99-100% of germination, whereas EGCG inhibited 95- 
99%, suggesting that EGCG-S may be a better anti-spore agent than EGCG. EGCG- 
S also does not act in a dose-dependent manner since all four concentrations: 100, 
400, 1000, and 10000 (1%) pg/mL had similar percent inhibition at 24 hours.
Control 
1% EGCG 
1% EGCG-S
Figure 32: Plate examples for CFU assay using 1% EGCG and 1% EGCG-S on spore 
germinations at 24 hours.
BC B rvi BS
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Figure 33: Percent Inhibition of 1% EGCG-S and EGCG on spore germination at 24 
hours. Both EGCG and EGCG-S inhibited 95-100% of germination on all three Bacillus 
spp.
Bacteria Treatment 1st trial %
Inhibition
2nd trial %
Inhibition
Ave % 
Inhibition
C
D
r-
> Control 1330 2170
1% EGCG 0 100% 174 91.98% 95.99% ±5.66
1% EGCG-S 0 100% 0 100% 100% ±0.00
Control 8600 1880
1% EGCG 100 98.84% 52 99.72% 99.28% ±0.62
1% EGCG-S 0 100% 0 100% 100% ±0.00
Iff 11311 Control 4200 39600
1% EGCG 7 99.83% 3400 91.41% 95.62% ±5.95
1% EGCG-S 0 100% 0 100% 100% ±0.00
Table 6: Total population of spore suspension treated with 1% EGCG and EGCG-S after 
heating at 75°C for 20 mins to inactivate vegetative cells. EGCG was able to inhibit 95- 
99% of germination, whereas EGCG-S was able to inhibit 100% on all three bacteria.
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B. cereus B. megaterium B. subtilis
Figure 34: Plate examples used for CFU assay using lower EGCG-S concentrations at 24 
hours.
Spore Germination treated with lower 
concentrations of EGCG-S for 24 hours
■ BC 
* B M
■ BS
Figure 35: Percent Inhibition of different EGCG-S concentrations on spore suspensions 
for 24 hours. All three concentrations inhibited 99-100 % of germination on all three 
Bacillus spp. This suggests that EGCG-S is not dose dependent.
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Bacteria Treatm ent 1st trial %
Inhibition
2nd trial %
Inhibition
A v e %
Inhibition
BC Control 2910 3580
ES100 7 99.76% 5 99.86% 99.81% ±0.07
ES400 2 99.93% 2 99.94% 99.94% ±0.01
ES1000 2 99.93% 3 99.92% 99.92% ±0.01
Control 4000 1000
ES100 0 100% 1 99.90% 99.95% ±0.07
ES400 1 99.98% 1 99.90% 99.94% ±0.05
ES1000 0 100% 0 100% 100% ±0.00
Control 7500 5600
ES100 52 99.31% 46 99.18% 99.24% ±0.09
ES400 40 99.47% 37 99.34% 99.40% ±0.09
ES1000 33 99.56% 24 99.57% 99.56% ±0.01
Table 7: Total population of spore suspension treated with EGCG-S 100, 400, and 
1000pg/mL for 24 hours. All three concentrations inhibited 99-100 % of germination on 
all three Bacillus spp. This suggests that EGCG-S is not dose dependent.
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c. Time Course Study using lower concentrations of EGCG-S: 100,400, and 
1000^g/mL
Since EGCG-S was able to prevent 99-100% spore germination at 24 
hours, the next step would be to determine the minimum time it takes for it to inhibit 
germination. A recent study by Ali et al. (2017) reported that 1% (10,000pg/mL) of 
EGCG-S was able to inhibit the 98-99% of spore germination on all three Bacillus 
spp. at 15 minutes. In this study, the use of lower concentrations of EGCG-S were 
examined to determine the minimum concentration to inhibit spore germination. A 
time course study with Colony Forming Units (CFU) was conducted to quantitatively 
study the effects of these different concentrations on the endospores of three Bacillus 
spp. Figures 36, 38, and 40 demonstrate the percent inhibition of each EGCG-S 
concentration at different time points using Colony Forming Units (CFU) on all three 
bacteria. Figures 37, 39, and 41 provide examples of plates used for CFU assay. For 
B. cereus, the minimum time needed to inhibit spore germination is at 5 minutes for 
ESI00, whereas it is 30 seconds for ES400 and ES1000pg/mL with 96.10% and 
91.95%, respectively. Table 8 illustrates a detailed analysis of CFU, percent 
inhibition, and log reduction of all three EGCG-S concentrations. For B. megaterium, 
the minimum time needed to inhibit at least 80% of spore germination is at 10 
minutes for ESI00 and ES400, and 5 minutes for ES1000pg/mL. For B. subtilis, all 
three concentrations inhibited about 80% of spore germination at 30 seconds. Tables 
9 and 10 indicate the detailed analysis of CFU, percent inhibition, and log reduction 
of all three concentrations, and how ES400 and ESI000 have a similar effect on B. 
megaterium and B. subtilis spore germination. Overall, this indicates that even the
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use of lower concentration can effectively inhibit spore germination at a short period 
of time (at least 30 seconds).
B. c e re u s  sp o res tre a te d  w ith  d iffe re n t EG C G -S  
co n ce n tra tio n s
E SIO O  ES400 E S1000E G C G - S  c o n c e n t r a t io n s  (fig / m L )
Figure 36: Time Course Study of B. cereus spore germination treated with different 
EGCG-S concentrations (100, 400, and 1000pg/mL). It shows how it only takes 30 
seconds for ES400 and ES 1000 to inhibit at least 92% spore germination of B. cereus.
(A) B. cereus Control
Time 1st trial 2nd trial Mean CFU
Osec 2.18x10s 2.05x10s 2.12x10s
30 sec 2.24x10s 1.45x10s 1.85x10s
1 min 9.80xl04 2.03x10s 1.51x10s
5 min 2.10x10s 1.42x10s 1.76x10s
10 min 2.13x10s 2.33x10s 2.23x10s
15 min 1.09x10s 1.21x10s 1.15x10s
30 min 2.01x10s 1.50x10s 1.76x10s
1 hr 2.00x10s 1.03x10s 1.52x10s
24 hr 1.30x10s 1.66x10s 1.48x10s
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(B) B. cereus with ES100 ng/mL
Time I st trial 2nd trial Mean
CFU
Average %  
Inhibition
Log
Reduction
30 sec 2 .5 3 x 1 0 a 1 .3 4 x 1 0 a 1 .9 4 x 1 0 a 89.73% ±1.45 0.88
1 min 2.22x10a 2 .6 7 x 1 0 a 2 .4 5 x 1 0 a 82.10% ±6.72 0.79
5 min 8.90x10a 4.50x10a 6.70x10a 96.30% ±0.76 1.42
10 min 5.50xl03 7.30x10a 6.40x10a 97.14% ±0.39 1.54
15 min 1 .3 5 x 1 0 a 3.90x10a 8.70x10a 92.2% ±6.48 1.12
30 min 7.20x10a 5.30x10a 6.25x10a 96.44% ±0.03 1.45
Ih r 5.70x10a 2.00x10a 3.85x10a 97.60% ±0.32 1.60
24 hr 4.10x10a 6.00x10a 5.05x10a 96.62% ±0.16 1.47
(C) B. cereus with ES400 ng/mL
Time I s* trial 2nd trial Mean
CFU
Average % 
Inhibition
Log
Reduction
30 sec 1.73X104 1.18xl04 1.45xl04 96.10% ±5.40 1.11
1 min S.OOxlO2 2.86X104 1.45X104 92.70% ±9.60 1.02
5 min 1.41xl04 S.OOxlO3 9.55X103 94.88% ±2.26 1.27
10 min 6.60xl03 5.90X103 6.25X103 97.18% ±0.40 1.55
15 min 9.60xl03 5.50X103 7.55X103 93.32% ±3.01 1.18
30 min 1.31X104 6.80xl03 9.95X103 94.47% ±1.40 1.25
I h r 8.80X103 2.20xl03 5.50xl03 96.73% ±0.80 1.44
24 hr 6.70xl03 4.90X103 5.80X103 95.95% ±0.78 1.41
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(D) B. cereus  with ES1000 pg/m L
Time 1st trial 2nd trial Mean
CFU
Average % 
Inhibition
Log
Reduction
30 sec 2.00xl04 1.04xl04 1.52xl04 91.95% ±1.24 1.09
1 min 6.40xl03 1.49X104 1.07xl04 93.06% ±0.57 1.15
5 min 6.50xl03 2.90x10s 4.70x10s 97.43% ±0.74 1.57
10 min 5.90x10s 5.90x10s 5.90x10s 97.35% ±0.17 1.58
15 min 4.10x10s 5.20x10s 4.65x10s 95.97% ±0.38 1.39
30 min 6.80x10s 4.60x10s 5.70x10s 96.78% ±0.22 1.49
1 hr 4.10x10s 1.40x10s 2.75x10s 98.30% ±0.24 1.74
24 hr 6.30x10s 2.90x10s 4.60x10s 96.70% ±1.10 1.49
Table 8: Colony Forming Units (CFU) of B. cereus spore germination with different 
EGCG-S concentrations at different time points. (A) shows control/untreated samples, 
(B ) treated with EGCG-S 100pg/mL, (C) with EGCG-S 400pg/mL, and (D ) with EGCG- 
S lOOOpg/mL. ES 100 only took five minutes to inhibit at least 95% of B. cereus spore 
germination, and 30 seconds for both ES400 and ES 1000.
Figure 37: B. cereus spore germination plate examples of CFU assay for Time Course 
Study using lower EGCG-S concentrations.
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B. megaterium  spores trea ted  with different EGCG-S 
concentrations
■ 30sec
■ 1min
■ 5min
■ 10min
■ 15min
■ 30min
■ lhr
■ 24hr
ES100 ES400 ES1000
EGCG-S concentrations (jig/niL)
Figure 38: Time Course Study of B. megaterium spore germination treated with different 
EGCG-S concentrations (100, 400, and 1000pg/mL). It shows how it takes 10 minutes 
for ES 100 and ES400 to inhibit at least 80% spore germination of B. megaterium, while 5 
minutes for ES 1000.
(A) B. megaterium Control
Time 1st trial 2nd trial Mean CFU
0  se c 2 .1 0 x 1 0 s 3 .2 0 x 1 0 s 2 .6 5 x 1 0 s
3 0  se c 6 .9 0 x 1 0 s 4 .7 0 x 1 0 s 5 .8 0 x 1 0 s
1 min 2 .4 0 x 1 0 s 5 .1 0 x 1 0 s 3 .7 5 x 1 0 s
5 min 4 .7 0 x 1 0 s 4 .8 0 x 1 0 s 4 .7 5 x 1 0 s
10 min 5 .1 0 x 1 0 s 9 .5 0 x 1 0 s 7 .3 0 x 1 0 s
15 min 4 .3 0 x 1 0 s 4 .8 0 x 1 0 s 4 .5 5 x 1 0 s
3 0  min 2 .6 0 x 1 0 s 5 .2 0 x 1 0 s 3 .9 0 x 1 0 s
1 hr 4 .8 0 x 1 0 s 4 .5 0 x 1 0 s 4 .6 5 x 1 0 s
2 4  hr 3 .8 0 x 1 0 s 4 .5 0 x 1 0 s 4 .1 5 x 1 0 s
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(B) B. megaterium with ES100 jig/mL
Time 1st trial 2nd trial Mean
CFU
Average % 
Inhibition
Log
Reduction
30 sec 1.72x10s 2.54x10s 2.13x10s 60.51% ±20.59 0.44
1min 1.40x10s 2.68x10s 2.04x10s 44.56% ±4.09 0.26
5 min 1.76x10s 1.85x10s 1.81x10s 62.01% ±0.77 0.42
10 min 1.17x10s 1.66x10s 1.42x10s 79.79% ±3.87 0.71
15 min 1.03x10s 1.57x10s 1.30x10s 71.67% ±6.19 0.54
30 min 1.47x10s 1.37x10s 1.42x10s 58.56% ±21.35 0.44
Ih r 1.12x10s 9.90X104 1.06x10s 77.33% ±0.94 0.64
24 hr 1.63x10s 1.94x10s 1.79x10s 57.00% ±0.15 0.37
(C) B. megaterium with ES400 ng/mL
Time 1st trial 2nd trial Mean
CFU
Average % 
Inhibition
Log
Reduction
30 sec 1.43x10s 1.55x10s 1.49x10s 73.15% ±8.66 0.59
1 min 1.34x10s 1.68x10s 1.51x10s 55.61% ±16.19 0.40
5 min 1.36x10s 1.73x10s 1.55x10s 67.51% ±5.02 0.49
10 min 1.39x10s 1.27x10s 1.33x10s 79.69% ±9.82 0.74
15 min 1.02x10s 1.24x10s 1.13x10s 75.22% ±1.49 0.60
30 min 1.28x10s 1.16x10s 1.22x10s 64.23% ±19.04 0.50
Ih r 1.04x10s 8.80X104 9.60X104 79.39% ±1.49 0.69
24 hr 1.26x10s 1.66x10s 1.46x10s 64.98% ±2.64 0.45
72
(D) B. m egaterium  with ES1000 ng/mL
Time 1st trial 2"d trial Mean
CFU
Average %  
Inhibition
Log
Reduction
30 sec 3.00xl05 1.13x10s 2.07x10s 66.24% ±13.74 0.45
1 min 1.12x10s 1.58x10s 1.35x10s 61.18% ±11.09 0.44
5 min 8.10X104 1.47x10s 1.14x10s 76.07% ±9.47 0.62
10 min 7.10xl04 5.50xl04 6.30xl04 90.14% ±5.75 1.06
15 min 1.49x10s 1.49x10s 1.49x10s 75.22% ±1.49 0.48
30 min 8.60xl04 1.41x10s 1.14x10s 67.15% ±2.55 0.53
1 hr 1.30x10s 1.26x10s 1.28x10s 72.46% ±0.65 0.56
24 hr 1.45x10s 1.30x10s 1.38x10s 66.48% ±6.55 0.48
Table 9: Colony Forming Units (CFU) of B. megaterium spore germination with different 
EGCG-S concentrations at different time points. (A) shows control/untreated samples, 
(B) treated with EGCG-S 100pg/mL, (C) with EGCG-S 400pg/mL, and (D) with EGCG- 
S 1000pg/mL. ES 100 and ES400 took 10 minutes to inhibit at least 80% of B. 
megaterium spore germination, while 5 minutes for ES 1000.
Figure 39: B. megaterium spore germination plate examples of CFU assay for Time 
Course Study using lower EGCG-S concentrations.
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B. subtiUs spores treated with different EGCG-S 
concentrations
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Figure 40: Time Course Study of B. subtilis spore germination treated with different 
EGCG-S concentrations (100, 400, and 1000pg/mL). It shows how it only takes 30 
seconds for all three concentrations to inhibit at least 80% of spore germination.
74
(B) B. subtilis with ES100 [ig/mL
Time I st trial 2nd trial Mean Average % Log
CFU inhibition Reduction
30 sec 2.70X104 4.46X104 3.58X104 79.68%  ±3.28 0.69
I m i n 3.56X104 4.06X104 3.81X104 70.84%  ±3.71 0.54
5 min 3.34X104 6.82X104 5.08X104 72.24%  ±7.56 0.54
10 min 2.72X104 2.55X104 2.64X104 80.16%  ±1.54 0.70
15 min 2.58X104 2.46X104 2.52X104 78.69%  ±5.65 0.79
30 min 3.08X104 3.12X104 3.10X104 76.60%  ±0.41 0.63
I h r 3.10X104 3.08X104 3.09X104 82.75%  ±5.63 0.79
24 hr 4.66X104 4.95X104 4.81X104 82.05%  ±1.33 0.75
(C ) B. subtilis with ES400 (ig/mL
Time 1st trial 2'"* trial Mean Average % Log
CFU Inhibition Reduction
30 sec 2.96X104 3.52X104 3.24X104 81.20%  ±1.32 0.73
1mi n 2.52X104 4.88X104 3.70X104 72.80%  ±6.64 0.56
5 min 3.20X104 4.10X104 3.65X104 79.31%  ±1.11 0.69
10 min 2 .6 4 x l0 4 4.18X104 3.41X104 74.48%  ±7.37 0.60
15 min 2.94X104 3 .0 M 0 4 2.98X104 77.74%  ±5.66 0.72
30 min 3.84X104 2.72X104 3.28X104 75.16%  ±6.64 0.61
I h r 3.20X104 4.58X104 3.89X104 79.17%  ±1.54 0.69
24 hr 3.88X104 3.64X104 3.76X104 85.97%  ±0.19 0.85
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(D) B. subtilis with ES1000 pg/mL
Time I s* trial 2nd trial Mean
CFU
Average % 
Inhibition
Log
Reduction
30 sec 2.40xl04 3.02xl04 2.71xl04 84.34% ±0.47 0.81
1 min 2.36xl04 4.34xl04 3.35xl04 75.28% ±5.16 0.57
5 min 3.14xl04 2.76xl04 2.95X104 82.76% *5.43 0.78
10 min 3.64xl04 2.72xl04 3.18xl04 76.00% ±5.66 0.62
15 min 2.66xl04 4.32xl04 3.49X104 74.76% *0.92 0.64
30 min 3.54xl04 2.46xl04 3.00xl04 77.27% =6.37 0.65
1 hr 2.84xl04 4.08xl04 3.46X104 81.48% =1.32 0.74
24 hr 3.76xl04 4.40xl04 4.08xl04 84.74% =2.17 0.82
Table 10: Colony Forming Units (CFU) of B. subtilis spore germination with different 
EGCG-S concentrations at different time points. (A) shows control/untreated samples, 
(B) treated with EGCG-S 1 OOpg/mL, (C) with EGCG-S 400pg/mL, and (D) with EGCG- 
S 1 OOOpg/mL. This shows how it only takes 30 seconds for all three concentrations to 
inhibit at least 80% of B. subtilis spore germination.
Figure 41 : B. subtilis spore germination plate examples of CFU assay for Time Course 
Study using lower EGCG-S concentrations.
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d. Qualitative Study using LIVE/DEAD® Baclight™ Bacterial Viability Assay
To confirm the CFU assay, a qualitative study using the LIVE/DEAD® 
Baclight™ Bacterial Viability Assay was performed. Using the Kit LI3152, a spore 
suspension control and treated with ES1000pg/mL were stained with the mixed dye 
for 30 minutes. They were viewed using the ZEISS fluorescent microscope, and 
results are illustrated on Figure 42. All the controls were stained green, indicating 
that the spores were alive. Whereas the treated samples with ES1000pg/mL were 
stained red, suggesting that the coat of the spores was destroyed. This supports the 
time course study in which the use of lower concentrations of EGCG-S can prevent 
spore germination.
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Figure 42: Live and Dead Assay of Spore Germination (A) B. cereus, (B) B. megaterium, 
(C) B. subtilis. The left column illustrates the control samples with green stain, meaning 
that the spores are alive. The right column shows the spores treated with ES 1000 for 24 
hours stained red, meaning that the spores are dead and did not go through the 
germination process.
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e. Morphological Study using Scanning Electron Microscopy (SEM)
A Scanning Electron Microscopy (SEM) was carried out by Dr. Laying Wu, 
director of the MMRL lab. Figures 43-45 show the SEM of B. cereus, B. 
megaterium, and B. subtilis, respectively. It can be seen how all the spore controls 
had a well-rounded morphology, indicating that the cell wall was intact. However, 
with the addition of ES400pg/mL for one hour, the morphology of the spores 
changed, suggesting that the spore coat was destroyed. This is similar to what the 
Live and Dead Assay has shown wherein the treated spore samples had their spore 
coat destroyed. This also further supports the CFU assay in which lower 
concentrations of EGCG-S are able to inhibit spore germination of the three Bacillus 
spp. Moreover, the treated spores were clustered together due to the effect of EGCG- 
S, supporting our previous studies which have shown similar results (Ali et al., 2017).
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Figure 43: Scanning Electron Microscopy (SEM) of B. cereus spores. The left column 
shows the control, whereas the right column shows the spores treated with ES400 for one 
hour. B. cereus spores control have a well-rounded morphology, while the coat of the 
treated spores was destroyed.
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B. megaterium spores
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Figure 44: Scanning Electron Microscopy (SEM) of B. megaterium spores. The left 
column shows the control, whereas the right column shows the spores treated with ES400 
for one hour. B. megaterium spores control have a well-rounded morphology, while the 
treated spores were clustered together due to the EGCG-S, and their spore coat was 
destroyed.
B. subtilis spores
Control w/ ES400for lh r
Figure 45: Scanning Electron Microscopy (SEM) of B. subtilis spores. The left column 
shows the control, whereas the right column shows the spores treated with ES400 for one 
hour. B. subtilis spores control have a well-rounded morphology, while the treated spores 
were clustered together due to the EGCG-S, and their spore coat was destroyed.
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5. Study the Potential Usage of EGCG and EGCG-S as an Antiseptic/Disinfectant 
for Spore Contamination
a. Application Study using Rapid Agar Plate Assay in the presence of 1 % 
EGCG and 1% EGCG-S
To evaluate the potential use of EGCG and EGCG-S as 
disinfectant/antiseptics against endospores, a novel and rapid method called Rapid 
Agar Plate Assay (RAPA) was performed. Pre- and post-application of EGCG and 
EGCG-S were tested to determine their inhibitory effects on surfaces. In this study, a 
bacterial agar surface, tryptic soy agar (TSA) was used as a substrate. Spore 
suspensions were treated with 1% EGCG and EGCG-S for one hour following the 
three protocols described previously. Results are depicted on Figure 46 and Table 11 
for pre-application, Figure 47 and Table 12 for post-application, and Figure 48 and 
Table 13 for post-application with washing, respectively. For pre-application, both 
EGCG and EGCG-S inhibited at least 88% to 92.21% of spore germination on all 
three bacteria. For post-application, EGCG was able to inhibit 68.02%, 77.56%, and 
92.06% on B. cereus, B. megaterium, and B. subtilis, respectively, whereas EGCG-S 
inhibited 76.32%, 81.78%, and 87.10%. For post-application with washing, EGCG 
inhibited at least 90% to 99.19% spore germination on all three bacteria, while 
EGCG-S inhibited at least 83% to 98.98%. This indicates that both EGCG and 
EGCG-S work more effectively on pre-application than on post-application. But 
overall, both tea polyphenols have the potential to work against both pre-treated and 
contaminated surfaces.
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Pre-application using 1% EGCG and 1% EGCG-S
100 T
1% EGCG 1% EGCG-S
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Figure 46: Pre-application (RAPA) of 1% EGCG and EGCG-S on endospores of three 
Bacillus spp. It indicates how both EGCG and EGCG-S have similar effects when 
applied on a surface before any contamination of endospores arises.
Bacteria Treatment Cell/mL % inhibition
B. cereus Control 1 . 2 2 x 1 0 s
1% EGCG 9 5 0 0 9 2 . 2 1 %
1% EGCG-S 1 . 2 5 X 1 0 4 8 9 . 7 5 %
B. megaterium Control 2 . 5 6 x 1 0 e
1% EGCG 2 . 0 8 x 1 0 s 9 1 . 8 8 %
1% EGCG-S 2 . 9 8 x 1 0 s 8 8 . 3 6 %
B. subtilis Control 1 . 2 8 x 1 0 s
1% EGCG 2 . 2 0 X 1 0 4 8 2 . 8 1 %
1% EGCG-S 1 . 2 9 X 1 0 4 8 9 . 9 2 %
Table 11: CFU analysis of Pre-application using 1% EGCG and 1% EGCG-S on the 
endospores of three Bacillus spp. Both EGCG and EGCG-S have similar inhibitory 
effects; they are able to inhibit a significant percentage of spore germination.
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Post-application using 1% EGCG and 1% EGCG-S
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Figure 47: Post-application (RAPA) of 1% EGCG and EGCG-S on the endospores of 
three Bacillus spp. It indicates how EGCG-S works more effectively than EGCG on B. 
cereus and B. megaterium when applied on a contaminated surface.
Bacteria Treatm ent Cell/m L % Inhibition
B. cereus Control 1.14x10s
1% EGCG 3.60X104 68.42%
1% EGCG-S 2.70X104 76.32%
B. megaterium Control 4.50X106
1% EGCG 1.01x10s 77.56%
1% EGCG-S 8.20X104 81.78%
B. subtilis Control 3 .10x10s
1% EGCG 2.46X104 92.06%
1% EGCG-S 4.00X104 87.10%
Table 12: CFU analysis of Post-application using 1% EGCG and 1% EGCG-S on the 
endospores of three Bacillus spp. Both EGCG and EGCG-S works more effectively in 
inhibiting spore germination of B. subtilis than of B. cereus and B. megaterium.
84
Post-application with washing using 1% EGCG 
and 1% EGCG-S
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Figure 48: Post-application with washing (RAPA) of 1% EGCG and EGCG-S. It shows 
how both EGCG and EGCG-S effectively inhibited spore germination on all three 
bacteria.
Bacteria Treatment Cell/mL % Inhibition
B. ce re u s Control 3.00X104
1% EGCG 3000 90.00%
1% EGCG-S 5000 83.33%
B. megoterium Control 6.40X105
1% EGCG 6.30X104 90.16%
1% EGCG-S 6.60X104 89.69%
B. subtilis Control 3.84x10s
1% EGCG 3100 99.19%
1% EGCG-S 3900 98.98%
Table 13: CFU Analysis of Post-application with washing (RAPA) using 1% EGCG and 
EGCGS. It shows how both EGCG and EGCG-S effectively inhibited spore germination 
on all three bacteria.
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b. Application Study using Rapid Agar Plate Assay with lower concentrations 
of EGCG-S: 100, 400, and 1000pg/mL
Since the lower concentrations of EGCG-S: 100, 400, and 1000pg/mL were 
able to prevent spore germination via time course study, these concentrations were 
also tested using RAPA. Figures 49-51 and Tables 14-16 demonstrate the percent 
inhibition and CFU analysis of all three concentrations on all three Bacillus spp. using 
the same three protocols. For pre-application, all three concentrations were able to 
prevent 95% of spore germination on B. cereus, ES 1000 had the highest inhibition on 
B. megaterium with 88%, and ES 100 with 93% on B. subtilis. For post-application, 
ES 100 had the highest inhibition on spore germination of B. cereus and B. 
megaterium, with 94% and 78%, respectively, and ES400 on B. subtilis with 91.83% 
inhibition. For post-application with washing, ES 1000 had the highest inhibition on 
spore germination of B. cereus and B. subtilis, with 89.95% and 98.13%, respectively. 
Whereas ES400 inhibited 87.76% on B. megaterium. This suggests that EGCG-S 
does not inhibit spore germination in a dose-dependent manner. However, further 
trials need to be conducted to further evaluate the potential usage of both EGCG and 
EGCG-S as disinfectants.
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RAPA Pre-application using lower EGCG-S 
concentrations
ES100 ES400 ES1000
EGCG-S concentrations (jig/mL)
Figure 49: Pre-application on three Bacillus spp. treated with different EGCG-S 
concentrations (100, 400, and 1000pg/mL). All three concentrations were able to inhibit 
95% spore germination of B. cereus, suggesting that EGCG-S is not dose-dependent. 
Whereas less than 90% of spore germination was inhibited on both B. megaterium and B. 
subtilis.
(A) B. cereus
Treatm ent 1st trial % Inhibition 2nd trial % Inhibition Ave % Inhibition
C o n tro l 4 .0 8 x l0 5 5.70X 104
ES100 3.03X 104 9 2 .5 7 % 3 6 0 9 9 .3 7 % 9 5 .9 7 % ± 4 .8 0
ES400 2 .9 5 x l0 4 9 2 .7 7 % 6 7 0 9 8 .8 2 % 9 5 .8 0 % ± 4 .2 8
E S 1000 3.08X 104 9 2 .4 5 % 8 2 0 9 8 .5 6 % 9 5 .5 1 % ± 4 .3 2
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(B ) B. m egaterium
Treatment 1st trial % Inhibition 2nd trial % Inhibition Ave % Inhibition
Control 1 .2 7 x l0 6 l.OOxlO4
ES100 2.71x10s 78.66% 5000 50.00% 64.33%±20.27
ES400 2.08x10s 83.62% 3000 70.00% 76.81%±9.63
ES1000 1.80x10 85.83% 1000 90.00% 87.91%±2.95
(C) B. subtilis
Treatment 1st trial % Inhibition 2nd trial % Inhibition Ave % Inhibition
Control 1.19x10s 3.20x10s
ES100 1.44X104 87.90% 6000 98.13% 93.01%±7.23
ES400 1.84x10" 84.54% 4.80x10" 85.00% 84.77%±0.33
ES1000 1.60x10" 86.55% 5.50x10" 82.81% 84.68%±2.65
Table 14: CFU analysis of Pre-application on three Bacillus species with different 
EGCG-S concentrations. (A) B. cereus, (B) B. megaterium, (C) B. subtilis. It shows how 
EGCG-S is able to prevent spore germination even at a low concentration.
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RAPA Post-application using lower EGCG-S 
concentrations
ES100 ES400 ES1000
EGCG-S concentrations (gg/mL)
Figure 50: Post-application on three Bacillus spp. treated with different EGCG-S 
concentrations (100, 400, and lOOOpg/mL). All three concentrations were able to inhibit 
86-94.28% spore germination of B. cereus, 74.17-78.39% on B. megaterium, and 86.74- 
91.83% on B. subtilis.
(A) B. cereus
Treatment 1st trial %
Inhibition
2nd trial % Inhibition Ave % Inhibition
Control 4.08x10s 2.80x10s
ES100 8800 97.84% 2.60X104 90.71% 94.28%±5.04
ES400 8000 98.04% 3.50X104 87.5% 92.77%±7.45
ES1000 7.88X104 80.69% 2.40X104 91.43% 86.06%±7.60
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(B ) B. m eg a teriu m
Treatm ent 1st trial %  Inhibition 2nd trial % Inhibition Ave % Inhibition
C on tro l 1 .2 7 x l0 5 l.O O xlO 4
ES100 1.68X 104 8 6 .7 7 % 3 0 0 0 7 0 .0 0 % 7 8 .3 9 % ± 1 1 .8 6
ES400 1.92X 104 8 4 .8 8 % 3 0 0 0 7 0 .0 0 % 7 7 .4 4 % ± 1 0 .5 2
E S1000 1 .4 8 x l0 4 8 8 .3 5 % 4 0 0 0 6 0 .0 0 % 7 4 .1 7 % ± 2 0 .0 4
(C) B. subtilis
Treatment 1st trial % Inhibition 2nd trial % Inhibition Ave % Inhibition
Control 1.19xl05 2.80xl05
ES100 1.88X104 84.20% 3.0ÛX101 89.29% 86.74%±3.59
ES400 8400 92.94% 2.60X104 90.71% 91.839i±1.57
ES1000 2-OOxlO4 83.19% 2.48X104 91.14% 87.17%±5.62
Table 15: CFU analysis of Post-application (RAPA) using EGCG-S 100, 400, and 1000 
on all three bacteria. (A) B. cereus, (B) B. megaterium, and (C) B. subtilis. It suggests 
that EGCG-S is not dose-dependent, and even a lower concentration is able to inhibit a 
significant percent of spore germination on all three bacteria.
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Post-application with washing using lower 
EGCG-S concentrations
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Figure 51: Post-application with washing on three Bacillus spp. treated with different 
EGCG-S concentrations (100, 400, and 1000pg/mL). All three concentrations were able 
to inhibit 84-89.95% spore germination of B. cereus, 86.20-87.76% on B. megaterium, 
and 97.69-98.13% on B. subtilis.
(A) B. cereus
Treatment 1st trial %
Inhibition
2nd trial % Inhibition Ave % Inhibition
Control 3.33x10s 1.45x10s
ES100 4800 98.56% 3.20X104 77.93% 88.24%±14.59
ES400 4.48xl04 86.55% 2.60X104 82.07% 84.31%±3.17
ES1000 1.18X104 96.46% 2.40X104 83.45% 89,95%±9.20
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(B ) B. m egaterium
T re a tm e n t 1 st t r ia l %
Inhibition
2 nd triai %  Inhibition A ve  %  Inhibition
Control 5 .4 0 x l0 5 2 .0 0 x 1 0 s
ES1 00 m i o 4 9 8.56 % 2 .0 0 x l0 4 9 0 .0 0 % 8 6 .2 0 % ± 5 .3 7
ES400 8 .9 0 x l0 4 8 6.55 % 1.60X104 9 2 .0 0 % 8 7 .7 6 % ± 6 .0 0
E S1 0 0 0 8 .3 0 x l0 4 9 6.46 % 2 .2 0 X 1 0 4 8 9.00 % 8 6 .8 1 % ± 3 .0 9
(C ) B. subtilis
T re a tm e n t 1 st t r ia l %
Inhibition
2 nd trial %  Inhibition A ve  %  Inhibition
Control 7.50x10s 3.50x10s
ES100 2.68X104 96.43% 2300 99.34% 97.88%±2.06
ES400 2.40X104 96.80% 5000 98.57% 97.69%±1.25
ES1000 2.20X104 97.07% 2800 99.20% 98.13%tl.51
Table 16: CFU analysis of Post-application with washing (RAPA) using EGCG-S 100, 
400, and 1000 on all three bacteria. (A) B. cereus, (B) B. megaterium, and (C) B. subtilis. 
It suggests that EGCG-S is not dose-dependent, and even a lower concentration is able to 
inhibit a significant percent of spore germination on all three bacteria.
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c. Time Course Study on bacterial endospores using TAX
A Time Course Study using antiseptics provided by Dr. Hsu (Camellix LLC) 
was conducted to determine the effects of green tea compared to commercial 
antiseptics. Figures 52, 53, and Table 17 illustrate the percent inhibition and CFU 
analysis with log reduction of all four antiseptics on B. cereus. All four antiseptics 
(Proteocteav+EGCG (TAX), Dental, 49-A, and Purell) were able to inhibit over 94% 
of spore germination at 30 seconds, and increased to 97% at 1 minute. This indicates 
that all four antiseptics have similar effect on B. cereus spore germination. Figures 
54, 55, and Table 18 show the percent inhibition and CFU analysis with log reduction 
for B. megaterium. It can be seen that even though the dental antiseptic had the 
highest percent inhibition, TAX was still able to inhibit 90% of spore germination. B. 
subtilis had similar results as B. cereus, as shown in Figures 56, 57, and Table 19, in 
which all four antiseptics significantly inhibited spore germination ranging from 
about 93-96% at 30 seconds and 1 minute. It should also be noted that the percent 
inhibition on B. megaterium spore germination decreased from 30 seconds to 1 
minute. Thus, further trials must be conducted to better evaluate their effectiveness 
as antiseptics.
B. cereus control 30 seconds 1 minute
Figure 52: B. cereus spore germination plate examples of CFU Assay for Time Course 
Study using TAX and commercial antiseptics provided by Dr. Hsu (Camellix LLC).
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B. cereus  Antiseptics Time Course Study
Figure 53: Time Course Study using four antiseptics provided by Dr. Hsu (Camellix 
LLC). Each antiseptic was tested for 30 seconds and 1 minute. This graph illustrates 
how all four antiseptics have similar percent inhibition on B. cereus spore germination.
(A) 30 seconds
T re a tm e n t C e ll/ m L %  In h ib itio n Lo g R e d u ctio n
Control 3 7 6 0
P+E 21 7 94.23% 1 .24
Dental 2 0 4 94.57% 1.27
49-A 209 94.44% 1.26
Purell 216 94.26% 1.24
(B) 1 minute
T re a tm e n t C e ll/ m L %  In h ib itio n Lo g R e d u ctio n
Control 4 4 2 0
P+E 120 97.29% 1.57
Dental 102 97.69% 1 .64
49-A 118 97.33% 1.57
Purell 142 96.79% 1.49
Table 17: CFU analysis of the four antiseptics at 30 seconds (A) and 1 minute (B). All 
four antiseptics inhibited 94% of B. cereus spore germination at 30 seconds, and 
increased to 97% at 1 minute with log reduction of over 1.
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B. megaterium control 30 seconds 1 minute
Figure 54: B. megaterium spore germination plate examples of CFU Assay for Time 
Course Study using TAX and commercial antiseptics provided by Dr. Hsu (Camellix 
LLC).
B. megaterium Antiseptics Time Course Study
«  «
30 sec 1 min
Time
Figure 55: Time Course Study using four antiseptics provided by Dr. Hsu (Camellix 
LLC). Each antiseptic was tested for 30 seconds and 1 minute. This graph illustrates 
how the dental antiseptic has the highest percent inhibition on B. megaterium spore 
germination. The combination of Protecteav with EGCG only inhibited 90% at 30 
seconds and even decreased at 1 minute.
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(A) 30 seconds
Treatment Cell/mL % Inhibition Log Reduction
Control 320
P+E 30 90.63% 1.03
Dental 3 99.06% 2.03
49-A 8 97.50% 1.60
Purell 40 87.50% 0 .90
(B) 1 minute
Treatment Cell/mL % Inhibition Log Reduction
Control 310
P+E 57 81.61% 0 .74
Dental 18 94.19% 1.24
49-A 48 84.52% 0 .81
Purell 30 90.32% 1.01
Table 18: CFU analysis of the four antiseptics at 30 seconds and 1 minute. The dental 
antiseptic was the most effective in inhibiting spore germination of B. megaterium, with 
99% at 30 seconds and 94% at 1 minute.
B. subtilis control 30 seconds 1 minute
Figure 56: B. subtilis spore germination plate examples of CFU Assay for Time Course 
Study using TAX and commercial antiseptics provided by Dr. Hsu (Camellix LLC).
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Figure 57: Time Course Study using four antiseptics provided by Dr. Hsu (Camellix 
LLC). Each antiseptic was tested for 30 seconds and 1 minute. This graph illustrates 
how all four antiseptics have similar percent inhibition on B. subtilis spore germination.
(A ) 3 0  se c o n d s
Treatm en t C e ll/m L %  Inhibition Log Reduction
Control 2440
P+E 176 92.79% 1.14
Dental 163 93.32% 1.18
49-A 128 94.75% 1.28
Purell 105 95.70% 1.37
(B ) 1 m in u te
Treatm ent C e ll/m L %  Inhibition Log Reduction
Control 2640
P+E 117 95.57% 1.35
Dental 190 92.80% 1.14
49-A 148 94.39% 1.25
Purell 116 95.61% 1.36
Table 19: CFU analysis of all four antiseptics at 30 seconds (A) and 1 minute (B). All 
four antiseptics were able to inhibit B. subtilis spore germination similarly, with log 
reduction of over 1.
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Conclusion
Overall, both EGCG and EGCG-S were able to inhibit a significant percentage of 
sporulation and germination on all three Bacillus spp. For sporulation, both EGCG-S 
(100, 400, 1000pg/mL, and 1%) and 1% EGCG inhibited 99-100%, with EGCG-S being 
slightly more effective than EGCG. This may be due to EGCG being an unstable 
compound. EGCG-S also does not act in a dose-dependent manner, indicating that even 
the use of lower concentrations is able to work effectively against endospores. This is 
supported by the microscopic observations via simple stain, endospore stain, live and 
dead assay, and scanning electron microscopy (SEM).
For spore germination, both EGCG and EGCG-S were able to prevent 95-99% 
and 99-100%, respectively, with EGCG-S being more effective than EGCG. This is 
similar to what we have seen with sporulation. Since EGCG-S seemed to be a better anti- 
endospore agent than EGCG, its inhibitory effects were tested via the time course study. 
EGCG-S 100 was able to inhibit at least 95% of B. cereus spore germination at 5 
minutes, whereas EGCG-S 400 and 1000 inhibited at 96% and 92% at 30 seconds, 
respectively. Ten minutes was needed for at least 80% inhibition on B. megaterium using 
EGCG-S 100 and 400, while five minutes for EGCG-S 1000. For B. subtilis, all three 
concentrations were able to inhibit 80% of spore germination. Comparing these results to 
our previous study wherein 1% EGCG-S was able to inhibit 98-99% of spore germination 
at 15 minutes, the use of lower concentrations was able to prevent spore germination at a 
shorter period of time.
For the application study via RAPA and Time Course Study, all four 
concentrations (100, 400, 1000pg/mL, and 1%) were able to inhibit at least 84% of spore
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germination of B. cereus and B. subtilis as a pre-treatment, at least 64% for B. 
megaterium. For post-application, at least 76%, 64%, and 85% spore germination were 
inhibited on B. cereus, B. megaterium, and B. subtilis, respectively. The inhibitory 
effects of EGCG-S may vary from species to species, as seen on our results. The spores 
of B. cereus and B. subtilis seemed to be more susceptible to lower concentrations of 
EGCG-S than those of B. megaterium. This may be due to a possible difference in spore 
structure or size between the three Bacillus spp. Nonetheless, EGCG-S has the potential 
in becoming an anti-endospore agent since it was able to effectively work on pre-treated 
and contaminated surfaces. For the time course study using TAX, it shows how TAX 
was as effective as other commercial antiseptics. Both of these application studies 
provide promising results of how effective both tea polyphenols in combatting bacterial 
endo spores.
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Future Studies
Further trials need to be conducted for both the application studies of RAPA with 
different EGCG-S concentrations, and Time Course Study with different antiseptics 
provided by Dr. Hsu (Camillex LLC). These would provide a better depiction of the 
effects of both EGCG and EGCG-S against bacterial endospores. If consistent results are 
achieved, they may potentially become anti-endospore agents in preventing food spoilage 
and contamination within the food and medical industries.
Additionally, the use of much lower concentrations of EGCG-S on sporulation 
may be conducted since it is still not determined what the minimum concentration of 
EGCG-S is to inhibit sporulation. A lower concentration than 100pg/mL may even be 
able to prevent similar percentage of sporulation just like what were used in this study.
Another future study is to determine what genes are targeted by EGCG and 
EGCG-S during sporulation and germination process via molecular studies. This will 
help us understand the mechanism of both EGCG and EGCG-S and at what step in the 
sporulation and germination processes they inhibit. Examining spo genes for sporulation 
as well as gerA, gerB, and gerK for germination are important since they have essential 
roles in the cycles.
The use of other endospore-forming bacteria such as Clostridium species may 
also be done to examine the effects of EGCG and EGCG-S on them; if they are similar to 
Bacillus spp. or if they are more susceptible/resistant to the tea polyphenols.
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